In an attempt to elucidate the mechanisms by which antibiotics induce muscle paralysis, the effects of streptomycin, lincomycin, polymyxin B and clindamycin were investigated in the mouse phrenic nerve-hemidiaphragm preparation. Streptomycin resembled magnesium in reducing miniature endplate potential (m.e.p.p.) amplitude and frequency, whereas lincomycin, clindamycin and polymyxin B resembled tubocurarine in abolishing m.e.p.p. Endplate potential (e.p.p.) quantal content in streptomycin was 9, similar to that found in magnesium (5), whereas quantal contents in lincomycin (42), polymyxin B (37) and clindamycin (32) lay between values found in magnesium and in tubocurarine (123). Control quantal content was 152. In the presence of a mixture of magnesium and tubocurarine, no m.e.p.p. could be recorded and quantal content was 39. Blockade of twitches by a mixture of magnesium and tubocurarine was more successfully reversed by a mixture of calcium and neostigmine (to 70% of control) than by either calcium (to 49% of control) or by neostigmine (to 30% of control) alone. Lincomycin-and polymyxin B-induced blockades were poorly reversed by a mixture of the two reversal agents. It is concluded that streptomycin has a magnesium-like action whereas lincomycin, clindamycin and polymyxin B have relatively greater postjunctional and less prejunctional blocking activities. However, the effects of lincomycin and polymyxin B were not analogous to those of a tubocurarine-magnesium mixture, and their mechanism of action is still unclear. Clindamycin produced effects compatible with local anaesthetic activity.
aminoglycosides is reversed by calcium ions, suggesting that the aminoglycosides block transmitter release by inhibiting the influx of calcium ions into nerve terminals on nerve stimulation (Corrado, Ramos and de Escobar, 1959; Adams et al, 1976; Singh, Harvey and Marshall, 1978; Singh, Marshall and Harvey, 1978) . The actions of the other classes of antibiotics that produce muscle paralysis have not been studied to the same extent as those of the aminoglycosides.
The site of action of several antibiotics (streptomycin, lincomycin, clindamycin and polymyxin B) has been investigated now by means of intracellular recording techniques. In these electrophysiological experiments, prejunctional actions were indicated by effects on the quantal content of endplate potentials (e.p.p.), which is a measure of the amount of acetylcholine released by a single nerve impulse. Changes in the frequency of the spontaneously-occurring miniature endplate potentials (m.e.p.p.) were taken also to indicate prejunctional actions. Postjunctional effects were indicated by effects on the amplitude of m.e.p.p. Thus, the results provide information on the effects of the antibiotics on transmitter release and on postjunctional receptor sensitivity. The antibiotics tested were compared with magnesium and with tubocurarine as examples of drugs acting by predominantly prejunctional and postjunctional mechanisms respectively, and with a combination of magnesium and tubocurarine as a type of mixed pre-and postsynaptic blocking activity. Since the effects of lincomycin and of polymyxin B in the electrophysiological studies resembled those of a tubocurarine-magnesium mixture, the reversibility of the twitch depression produced by lincomycin and polymyxin B has been re-investigated using combinations of calcium and neostigmine.
METHODS
All experiments were performed on phrenic nervehemidiaphragm preparations from mice (Porton strain, 20-35 g).
Intracellular recording
Nerve-muscle preparations were pinned to the base of a 15-ml tissue bath through which Krebs-Henseleit (Krebs and Henseleit, 1932) solution was passed at a rate of 2.5-3 ml min"
1 . The solution had previously been gassed with oxygen containing 5% carbon dioxide and was maintained at 30-32 °C.
The tissue bath was mounted on the stage of a binocular microscope (American Optics or Zeiss Jena Ergaval) fitted with a Leitz UM20/0.33 long-workingdistance objective giving a magnification of approximately 300 times. E.p.p. and m.e.p.p. and membrane potentials were recorded with 2 mol litre" 1 potassium acetate-filled glass capillary microelectrodes (5-15 Mfl resistance). Signals were amplified by a WPI M701 electrometer and displayed simultaneously on Tektronix 5102 and 5103 oscilloscopes. The signals were recorded continuously on 35-mm film by a Grass oscilloscope camera. Single events were photographed from a storage oscilloscope on Polaroid film. Records were magnified by a film viewer and measured manually.
The endplate regions were localized by following nerve twigs and penetrating muscle fibres until spontaneous miniature endplate potentials (m.e.p.p.) with fast rise times (less than 1 ms) could be recorded. Control recordings of m.e.p.p. were made for at least 5 min from six different endplate regions before the administration of a drug.
The Krebs-Henseleit solution was replaced by an identical solution containing the antibiotic under study. The concentrations of antibiotics were chosen to produce abolition of twitching in response to nerve stimulation in 30-85 min. Once responses to nerve stimulation were below the threshold for muscle contraction, several endplate regions were impaled and endplate potentials (e.p.p.) in response to nerve stimulation (0.2-ms pulses, 0.5 Hz frequency) and spontaneous m.e.p.p. were recorded.
To enable comparison between endplate regions with different resting membrane potentials e.p.p. and m.e.p.p. amplitudes were converted to a standard membrane potential of -70 mV and e.p.p. were corrected for non-linear summation (Hubbard, Llinas and Quastel, 1969) . In each experimental situation, the intracellular recordings were obtained from six fibres in each muscle preparation. These values were averaged to produce a mean value for the muscle preparation. The mean values from six muscle preparations were then averaged to produce the quantal content values quoted in the table and text.
To obtain a measure of e.p.p. quantal content in the absence of drugs, muscles were immobilized by cutting the muscle fibres 1-2 mm on each side of the central band of endplate regions (Barstad and Lilleheil, 1968) . E.p.p. quantal content was measured from responses to trains of impulses (70 Hz for 0.75 s). Under these conditions e.p.p. amplitude decreased during the first few impulses of the train and then was maintained at a fairly constant value. The quantal content of the last 30 e.p.p. in the train was calculated by the method of variance (del Castillo and Katz, 1954) and the quantal content of the first e.p.p. was then obtained by proportionality. In these experiments e.p.p. amplitudes were corrected to a standard membrane potential of -40 mV and were corrected for non-linear summation.
Twitch tension experiments
For twitch tension studies, mouse phrenic nervehemidiaphragm preparations were mounted in KrebsHenseleit solution maintained at 32 °C and gassed with oxygen containing carbon dioxide (5%). Resting tension was approximately 0.5 g and contractions were recorded isometrically by Grass FTO3C forcedisplacement transducers connected to a Grass 7 polygraph. Blocking drugs were added for about 5-10 min to preparations that were stimulated via the phrenic nerve at a frequency of 0.1 Hz with rectangular pulses of 0.2 ms duration and of a strength greater than that necessary to elicit maximal twitches. To assess reversibility of muscle paralysis an 80-90% block was established and mixtures of calcium chloride to a final calcium concentration of 5 mmol litre" 1 or 10 mmol litre" 1 and neostigmine 1 jxg ml" 1 (3 (xmol litre" 1 ) were added. The extent of reversal was measured 5 min after addition of the reversal 
Drugs
Drugs used were tubocurarine chloride, streptomycin sulphate (both Sigma), polymyxin B sulphate (Wellcome), lincomycin hydrochloride and clindamycin hydrochloride (Upjohn).
RESULTS

Intracellular recording
In preparations in which muscle contraction in response to nerve stimulation was inhibited by tubocurarine 5 [/. Harvey and . We have now studied the ability of a combination of neostigmine and calcium to reverse neuromuscular blockades produced by lincomycin, polymyxin B and a mixture of tubocurarine and magnesium. A mixture of tubocurarine 2 ^mol litre" 1 and magnesium 8 mmol litre" 1 reduced twitch height to 11-16% of control size in about 5-10 min. The resultant block was reversed to 30 + 5% of control by doubling the calcium concentration of the bathing medium to 5 mmol litre" 1 and to 49 + 6% of control by neostigmine 3 fzmol litre"
1 . However, the block was reversed to 70 + 5% of control by a mixture of calcium 5 mmol litre" 1 and neostigmine 3 fxmol litre"
1 . Lincomycin-induced block (2.6 mmol litre" 1 ) was reversed to 25 + 1% of control by the mixture of calcium and neostigmine. Since calcium 5 mmol litre" 1 is almost totally ineffective against blockade induced by polymyxin B 0.3 mmol litre" 1 (Singh, Harvey and Marshall, 1978) , a mixture of calcium 10 mmol litre" 1 and neostigmine 3 fxmol litre" 1 was tested. Although this mixture reversed polymyxininduced block (0.3 mmol litre" 1 ) to only 31 ± 5% of control, the reversal was poorly sustained, the block being re-established in 5-10 min. 
Twitch tension studies
Results from intracellular recording studies indicated that lincomycin and polymyxin B produced effects quantitatively similar to the effect of a mixture of tubocurarine and magnesium. Tubocurarine blockade is reversed by neostigmine but not by calcium, and magnesium blockade is reversed by calcium but not by neostigmine, whereas the blockades produced by lincomycin and by polymyxin B were poorly reversible by calcium and neostigmine (Singh, DISCUSSION Streptomycin, polymyxin B, lincomycin and clindamycin were compared with tubocurarine and magnesium as examples of reversible drugs acting predominantly to block postjunctional acetylcholine receptors and prejunctional release of acetylcholine respectively. Thus, in preparations blocked by tubocurarine the quantal content of e.p.p. was great, indicating that tubocurarine had little effect on the amount of acetylcholine released by nerve impulses. In these preparations m.e.p.p. amplitude was reduced to zero, demonstrating the postjunctional blocking action of tubocurarine. In contrast, in preparations blocked by magnesium the quantal content of e.p.p. was very low and the frequency of m.e.p.p. was reduced; these findings indicate prejunctional actions of magnesium. Additionally, magnesium has some postjunctional blocking actions, as revealed by the reduction in m.e.p.p. amplitude.
As shown previously by other workers (Vital Brazil and Corrado, 1957) , we have demonstrated that neuromuscular block produced by the aminoglycoside antibiotic streptomycin, like that produced by magnesium, was associated with depression of both evoked and spontaneous acetylcholine release and reduced postjunctional sensitivity. Small quantal contents have also been measured in the presence of other aminoglycoside antibiotics including neomycin (Elmqvist and Josefsson, 1962) and amikacin (Singh, Marshall and Harvey, 1978) , and the aminoglycosidelike antibiotic spectinomycin (Singh, Marshall and Harvey, 1979) .
Quantal contents in the presence of polymyxin B, lincomycin and clindamycin were lower than control values, indicating that reduction of transmitter output is a component of the compounds' actions. The depression of quantal content, however, was not as marked as the reduction seen in the presence of magnesium or streptomycin. Since m.e.p.p. activity was abolished, it can be concluded that polymyxin B, lincomycin and clindamycin also have postjunctional blocking effects. Our results demonstrate that polymyxin B, lincomycin and clindamycin have more prejunctional blocking activity than tubocurarine. Since tubocurarine has prejunctional blocking effects during repetitive nerve stimulation (Miyamoto, 1978) it is possible that the prejunctional effects of these three antibiotics will predominate during normal voluntary movement when the pattern of nerve impulses to skeletal muscle more closely resembles repetitive stimulation than low-frequency single shock stimulation.
A mixture of tubocurarine and magnesium possessed effects quantitatively similar to those of polymyxin B, lincomycin and clindamycin on e.p.p. quantal content and m.e.p.p., but the blockade of twitches produced by the tubocurarine-magnesium mixture was reversed by a mixture of calcium and neostigmine whereas lincomycin-and polymyxin Binduced blockades were not reversed by calcium plus neostigmine. Thus, despite the superficial similarity of the effects of polymyxin B and of lincomycin to those of a magnesium-tubocurarine mixture, the mechanism of action of the antibiotics is not a simple combination of calcium-and anticholinesterasereversible actions. Furthermore, although the effects of lincomycin and of polymyxin B on transmitter release and on postjunctional sensitivity are similar, the evidence presented is not sufficient to indicate that the two compounds share the same mechanisms. In fact, our previous studies have shown that concentrations of polymyxin B only slightly greater than those selectively blocking neuromuscular transmission have a depressant action on skeletal muscle contractility but no similar effect is seen with lincomycin (Singh, Harvey and Marshall, 1978) .
The absence of e.p.p. activity immediately after muscle twitching was abolished by clindamycin probably indicates that the nerve terminals are no longer capable of conducting action potentials in the presence of the drug. A local anaesthetic activity of clindamycin has been described previously (Wright and Collier, 1976) . The mixture of pre-and postjunctional blocking actions discussed above would be expected to contribute, along with the local anaesthetic action, to the muscle paralysing action of clindamycin. The increase in m.e.p.p. frequency before the abolition of m.e.p.p. activity has also been noted by Rubbo, Gergis and Sokoll (1977), but we have not analysed this effect in detail.
Our present results confirm that the aminoglycoside streptomycin acts primarily by a calciumreversible prejunctional mechanism, whereas the other antibiotics tested act by different mechanisms. As the nature of the components of mixed pre-and postjunctional block produced by polymyxin B, lincomycin and clindamycin are as yet unknown, reversibility of these antibiotics by standard reversal agents remains difficult to predict and in the clinical situation it may be preferable to continue artificial ventilation until the return of spontaneous respiration. 
SUMARIO
Con el objeto de descubrir los mecanismos mediante los cuales los antibioticos inducen paralisis muscular, se averiguaron los efectos de la estreptomicina, de la lincomicina, de la polimixina B y de la clindamicina en la preparation hemidiafragmo-nervio frenico del raton. La estreptomicina se asemejaba al magnesio al reducir la amplitud y frecuencia del potencial de la placa terminal miniaturizada (p.p.t.m.), mientras que la lincomicina, la clindamicina y la polimixina B se parecian a la tubocurarina al eliminar el p.p.t.m. El contenido cuantico del potencial de la placa terminal (p.p.t.) en la estreptomicina era de 9, similar al que se encuentra en el magnesio (5), mientras que los contenidos cuanticos en la lincomicina (42), la polimixina B (37) y la clindamicina (32) se sitiian entre los valores encontrados en el magnesio y la tubocurarina (123). El contenido cuantico del control era de 152. En presencia de una mezcla de magnesio y de tubocurarina, no se pudo registrar ningun p.p.t.m. y el contenido cuantico era de 39. El bloqueo de las contracciones causado por una mezcla de magnesio y de tubocurarina pudo ser invertido con mayor exito mediante una mezcla de calcio y de neoestigmina (hasta el 70% del control) que mediante el calcio solo (hasta el 49% del control) o la neoestigmina sola (hasta el 30% del control). La lincomicina y la polimixina B indujeron bloqueos cuya inversion por una mezcla de los dos agentes invertidores resulto bastante insatisfactoria. Se llega a la conclusion que la estreptomicina ejerce una accion parecida a la del magnesio, mientras que la lincomicina, la clindamicina y la polimixina B ejercen actividades bloqueadoras postjuncionales relativamente mas fuertes, siendo las actividades prejuncionales mucho menos marcadas. Sin embargo, los efectos de la lincomicina y de la polimixina B no fueron analogos a los de una mezcla de magnesio y de tubocurarina y no se aclaro todavia su mecanismo de accion. La clindamicina tuvo efectos compatibles con la actividad anestetica local.
